Changes in the hydrography of Central California waters associated with the 1997-98 El Niño by Collins, C.A. et al.
Calhoun: The NPS Institutional Archive
Faculty and Researcher Publications Faculty and Researcher Publications
2002
Changes in the hydrography of Central
California waters associated with the
1997-98 El Niño
Collins, C.A.
þÿ P r o g r e s s   i n   O c e a n o g r a p h y ,   V o l u m e   5 4 ,   ( 2 0 0 2 ) ,   p p .   1 2 9  1 4 7
http://hdl.handle.net/10945/43240
Progress in Oceanography 54 (2002) 129–147
www.elsevier.com/locate/pocean
Changes in the hydrography of Central California waters
associated with the 1997–98 El Nin˜o
C.A. Collins a,∗, C.G. Castro a,b, H. Asanuma a, T.A. Rago a, S.-K. Han c,
R. Durazo a, F.P. Chavez b
a Department of Oceanography, Naval Postgraduate School, 93943-5122 Monterey, CA, USA
b Monterey Bay Aquarium Research Institute, 7700 Sandholdt Road, 95039-9644 Moss Landing, CA, USA
c Undersea Warfare Academic Group, Naval Postgraduate School, 93943 Monterey, CA, USA
Abstract
Oceanographic conditions off Central California were monitored by means of a series of 13 hydrographic cruises
between February 1997 and January 1999, which measured water properties along an oceanographic section perpendicu-
lar to the California Coast. The 1997–98 El Nin˜o event was defined by higher than normal sea levels at Monterey,
which began in June 1997, peaked in November 1997, and returned to normal in March 1998. The warming took place
in two distinct periods. During June and July 1997, the sea level increased as a result of stronger than normal coastal
warming below 200 dbars and within 100 km of the coast, which was associated with poleward flow of saltier waters.
During this period, deeper (400–1000 dbar) waters between 150–200 km from shore were also warmed and became
more saline. Subsequently, sea level continued to rise through January 1998, mostly as a result of the warming above
200 dbars although, after a brief period of cooling in September 1997, waters below 200 dbar were also warmer than
normal during this period. This winter warm anomaly was also coastally trapped, extending 200 km from shore and
was accompanied by cooler and fresher water in the offshore California current. In March and April 1998, sea level
dropped quickly to normal levels and inshore waters were fresher and warmer than the previous spring and flowed south-
ward.
The warming was consistent with equatorial forcing of Central California waters via propagation of Kelvin or coast-
ally-trapped waves. The observed change in heat content associated with the 1997–98 El Nin˜o was the same as that
observed during the previous seasonal cycle. The warming and freshening events were similar to events observed during
the 1957–58 and 1982–83 El Nin˜os.  2002 Published by Elsevier Science Ltd.
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1. Introduction
While the effects of El Nin˜o are greatest in the tropical Pacific, it also produces significant modifications
to oceanic conditions off California. The primary physical effects are associated with warming of local
waters, which can be caused by either poleward advection of equatorial waters, onshore advection of
offshore waters, or a decrease in the coastal upwelling of cool, nutrient rich subsurface waters. Other
physical effects are increased coastal sea levels (which lead to shoreline erosion during winter storms) and
changes in the salinity of coastal waters. Of even greater consequence are the biological changes associated
with these physical changes: decreased productivity, displacement or reduction of fish and marine bird
populations, and decreased reproduction and increased mortality amongst marine mammals (Cane,
1986;Chavez, 1996; McGowan, Cayan, & Dorman, 1998; Romulo, 1991).
Although long-range forecast models failed to predict the 1997–98 El Nin˜o (Barnston, Glantz, & He,
1999), the large areal extent and warming of waters in the Eastern Tropical Pacific were easily detected
by satellite and in situ measurements in 1997. Since these equatorial effects are known subsequently to
propagate to higher latitudes along eastern boundaries, it was possible to organize a program of in situ
ocean observations off Central California. This paper examines the results of 13 cruises, which took place
from February 1997 through January 1999. These cruises were designed to augment long-term monitoring
systems and to resolve oceanic conditions off Central California. The paper is organized into three sections.
Upper ocean temperature data from buoys moored in Monterey Bay, sea level observations and geostrophic
wind estimates provide the climatological perspective. Time series of thermohaline properties on isobaric
and isopycnal surfaces along California Cooperative Fisheries Investigations (CalCOFI) line 67 from Febru-
ary 1997 to January 1999 show the evolution of oceanographic conditions off Central California. Principal
component (PC) analysis was used to discern between interannual and seasonal variability of hydrographic
properties. Finally, possible causes of the observed conditions are discussed and results compared to pre-
vious measurements of El Nin˜o conditions off Central California.
2. Data and methods
The principal basis for this paper is hydrographic data collected during 13 cruises in 1997–99. Data
were collected along CalCOFI line 67, which extends in a direction of 240° from Moss Landing (Fig. 1).
CalCOFI data collection protocols were modified so that stations were spaced 10 n.m. apart and sampled
to 1000 dbar except for the station next to the coast (240 m). The spacing for hydrographic stations, 18.5
km, was determined by the Rossby internal radius of deformation for these waters, 15–25 km. The station
farthest from shore (CalCOFI station 67–90) was 315 km from the first station and was about 20 km to
the west of the mean position of the axis of the California current (Lynn & Simpson, 1987). The elapsed
time between the first and last station was 2.5 days.
Dates of cruises and vessels used are given in Table 1. In addition to our 13 cruises, we have also used
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Fig. 1. Central California measurement locations. Solid blue dots correspond to hydrographic stations along CalCOFI line 67. Station
H3 is the second station from the coast. The location of the Monterey sea level gauge is indicated by a red ‘+’, sea surface temperature
and salinity measurements at Granite Canyon by a red ‘∗’, the location of geostrophic wind estimates by a red ‘’, and the inverted
magenta triangles are buoys M1 (inshore) and M2 (offshore). Isobaths correspond to 200, 1000, 2000, 3000 and 4000 m.
data from CalCOFI cruises in October 1997 and April 1998 as well as from a cruise in November 1997
that was cut short by injury. The Monterey Bay Aquarium Research Institute carried out a program of
biological and chemical sampling during these cruises. Results of the biological and chemical measurements
are described elsewhere in this volume (Castro et al., 2002; Chavez et al., 2002; Friederich, Walz, Burch-
zynski, & Chavez, 2002, all this issue).
Conductivity, temperature and pressure were measured using SeaBird 911 Plus CTDs. Measurement
accuracy was 0.001 °C, S  0.003 and 0.9 dbar. Salinity was computed using the 1978 practical salinity
scale. Salinity accuracy was maintained by comparison of CTD derived values with laboratory measure-
ments of water samples collected during CTD casts by Niskin bottles. CTD data were processed using
software provided by SeaBird and data were averaged into 2-dbar bins. Derived quantities (density anomaly,
specific volume anomaly, and geopotential anomaly) were computed using the 1980 equation of state.
For coastal waters, Eulerian and Lagrangian time scales are 5 and 10 days, respectively (Collins,
Paquette, & Ramp, 1996; Garfield, Collins, Paquette, & Carter, 1999). This means that each of our sections
can be considered both synoptic and independent. It also means that the ~2 month sampling interval does
not provide good temporal resolution for the evolution of the synoptic scale fields. Also, the CalCOFI
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Table 1
Cruise schedule
Cruise Cruise dates Research vessel
1997
1 February 23–24 R/V Point Sur
2 March 6–7 R/V Western Flyer
3 June 2–5 R/V Point Sur
4 July 26–28 R/V Point Sur
5 September 12–14 R/V New Horizon
1998
6 January 21–24 R/V Point Sur
7 March 12–13 R/V New Horizon
8 April 14–17 NOAA Ship McArthur
9 May 9–12 R/V New Horizon
10 July 2–4 R/V Point Sur
11 August 22–25 R/V New Horizon
12 November 6–9 R/V New Horizon
1999
13 January 14–16 R/V Point Sur
program did not sample the hydrographic section along line 67 often, so we have neither an estimate of
long-term means nor seasonal variability.
PC analysis was applied to the 13 sections in order to determine the patterns of interannual and seasonal
variability. PC analysis decomposes the variance into a set of uncorrelated components (or Z-scores) that
are ranked by the percentage of variance that each component explains. It also produces a time series of
amplitude coefficients that show how a given component varied with time. PCs were calculated using the
MATLAB Statistics Toolbox (the method is described by Jackson, 1991). Not all stations were occupied
on each cruise because of weather and time constraints. Since a uniform grid was required for PC analysis,
sections were objectively analyzed to produce samples every 18 km horizontally and 10 dbar vertically.
For the objective analysis, distance from shore in kilometers, x, was used as the horizontal dimension with
a Gaussian correlation function, ed2 /d2c, where d2  [(x)2 /L2  (z /10)2], and z was pressure in dbar. A
value of 1 was chosen for the decay scale, dc, and a value of 20 km was chosen for L (Collins, Garfield,
Rago, Rischmiller, & Carter, 2000).
To overcome lack of temporal resolution and long-term sampling along CalCOFI line 67, four long-
term data sets were used: upper ocean temperature data from buoys moored in Monterey Bay, sea level
observations, geostrophic wind estimates, and CalCOFI hydrographic data for Line 80. The moored buoy
data consisted of daily observations of temperature in the upper 200 m at buoys M1 and M2 (Fig. 1).
These buoys and their data collection and processing procedures are described by Chavez, Herlien, and
Thurmond (1994). Sea level observations were made by a tide gauge maintained by the National Ocean
Service at the Coast Guard pier in Monterey. Monthly means were available from 1974 and hourly data
from 1994. The datum used for the sea level observations was mean lower low water. Hourly sea level
data were filtered to remove the tides and then adjusted for the inverted barometer effect by adding the
observed barometric pressure minus 1000 millibars.
Six-hourly estimates of geostrophically derived and frictionally adjusted Ekman transports for the period
1967–99 were compiled by the Pacific Environmental Fisheries Laboratory for 36°N, 122°W
(http://www.pfeg.noaa.gov/products/PFELindices.html). The geostrophic winds agree well with buoy and
ship measurements of wind (Halliwell & Allen, 1987).
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3. Results
The variability of monthly mean sea level at Monterey for the period 1997–98 is contrasted with the
monthly mean sea level determined for the period 1974–99 in Fig. 2a. From June 1997 to February 1998,
Fig. 2. Monterey Sea Level: (a) Monthly mean sea level referenced to mean low lower water. The mean sea level (1974–99) is
indicated by the thin black line, which is in the middle of a gray envelope, which indicates the limits of one standard deviation from
the mean. The solid blue line is the monthly mean sea level for 1997–98 and the dashed line is the monthly mean sea level for
1982–83. (b) Adjusted sea level for Monterey (blue line) compared with sea level at Baltra, Galapagos (dashed line), the steric
thickness of the upper 200 m at M1 (red dots) and M2 (blue dots) as well as the steric thickness from the upper 1000 decibars for
CTD casts taken at station H3. Monterey sea level was smoothed with a low pass filter, which had a half power point at two weeks.
Baltra (0°26S, 90°17W) sea level was reduced by 0.85, 0.7 m was added to M1 and M2 thickness and 0.2 m was subtracted from
1000 dbar data.
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the monthly mean sea level was higher than normal, exceeding one standard deviation from the mean. The
maximum monthly mean sea level during this period, 1.15 m, occurred in November and was also the
highest monthly mean sea level observed at Monterey. During the previous major El Nin˜o in 1982, sea
levels were above normal from September 1982 through October 1983 with distinct maxima, 1.14 m, in
November 1982 and January and September 1983. Stewart (1960: Figs. 91–94) showed that during 1957–
58, maximum monthly sea level deviations of 12 cm occurred in December 1957 in Central (Avila Beach)
and Southern (Santa Monica and Los Angeles) California.
Fig. 2b shows the daily evolution of sea level at Monterey during 1997–98 and compares sea level with
steric heights obtained from moorings M1 and M2 as well as CTD casts at station H3 (see Fig. 1 for
station locations). There was good correlation between sea level and steric height at station H3 as noted
previously by Bretschneider and McLain (1983: Fig. 5). Daily values of the thickness of the upper 200 m
at M1 and M2 also reproduce the pattern of variability of sea level but with only about half the amplitude.
Beginning in May 1997, sea level rises in a series of steps during the following seven months through
January 1998. During the sea level rise, relaxation occurred in late July and September 1997, the latter
coinciding with one of our cruises. Although the steric heights at M1 and M2 were similar, in November
and December 1997, the thickness of the upper 200 m at M1 was greater than at M2, indicating an offshore
directed pressure gradient and poleward geostrophic flow. Sea level remained greater than 1.25 m through
February 1998, when it began a steep decline which ended 2 months later in May 1998.
Fig. 3 shows the offshore evolution of steric height during 1997–98 for three layers, 0–200 dbars, 200–
500 dbars and 500–1000 dbars. These layers have about equal steric thickness, ~0.4 m2/s2, but the variability
for the upper layer was twice as great as that for the lower two layers. The upper layer included the
seasonal and upper portion of the thermocline. The 200–500 dbar layer can be compared with previously
published charts that are used to illustrate undercurrent flow (Fig. 3, Lynn & Simpson, 1987; Wyllie, 1966).
The steric height charts for the lower (Fig. 3c) and middle (Fig. 3b) layers clearly show the semi-annual
development of ridges next to the coast in summer and winter while the upper layer (Fig. 3a) next to the
coast was dominated by a single ridge associated with the sea levels in late fall 1997 (Fig. 2). The summer
pulses in the middle layer (Fig. 3b) were equal in amplitude in 1997 and 1998; but although some relaxation
occurred in September 1997, steric heights greater than 0.43 m2/s2 persisted at the coast through the fall
1997. In the lower layer (Fig. 3c), the summer coastal pulse in 1997, 0.52 m2/s2, was stronger than that
observed in 1998, 0.48 m2/s2, and was also accompanied by a 0.49 m2/s2 ridge which was located at a
distance of 180 km from shore (An offshore ridge, 0.41 m2/s2, also occurred at this position in the middle
layer, Fig. 3b.) In the middle and lower layers, these summer ridges extended to a distance of about 100
km from shore, but in June–July 1997, the existence of the secondary offshore ridge meant that there was
also an offshore directed baroclinic pressure gradient from 180 to 230 km from shore.
At the coast, the winter 1997–98 ridge in the upper layer was 0.54 m2/s2 (Fig. 3a). There was also a
maximum in the middle layer, 0.45 m2/s2, at the coast in November 1997 and about 80 km from the coast
at the time of the next survey in January 1998 (Fig. 3b). This winter ridge also penetrated to the lower
layer, producing a maximum thickness of 0.5 m2/s2 (Fig. 3c). In the lower layer, the 1997–98 winter ridge
extended far enough from shore to encompass both the coastal and offshore ridges observed during the
previous summer, about 200 km.
In spring 1998, a trough was observed at the coast in all layers. In the middle and lower layers this
trough appeared to propagate westward to a distance of 270 km in November 1998.
In the upper layer (Fig. 3a) and middle layer (Fig. 3b), an offshore maximum in thickness was only
partially resolved. This feature represented equatorward geostrophic flow of the California current. For the
upper (middle) layer, maxima 0.54 m2/s2 (0.42 m2/s2) were observed to be within about 250 km of the
coast in February–March 1997, June–August 1998, and January 1999. But note that in the middle layer,
the offshore ridge was most strongly developed in March–April, 1998. This feature also appeared in the
lower layer, a depth not usually associated with California current flow.
135C.A. Collins et al. / Progress in Oceanography 54 (2002) 129–147
Fig. 3. Dynamic height (dynamic meters) variations along CalCOFI Line 67: (a) 0/200 dbars, contour interval is 0.2 dyn m; (b)
200/500 dbars, contour interval is 0.1 dyn m; (c) 500/1000 dbars, contour interval is 0.1 dyn m.
In the 200–500 dbar middle layer, a trough existed between nearshore and offshore ridge (Fig. 3b). This
trough was usually about 100 km from shore except during the October 1997 through March 1998 period
when it was at 225 km from shore.
Sea surface temperature (SST) is not as good, an indicator of upper ocean heating as sea level because
the surface temperature increase can be constrained to a thin upper layer during periods of light winds.
Nevertheless, the SST at the Granite Canyon shore station (location shown in Fig. 1 and data presented
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in Fig. 4, Asanuma, Rago, Collins, Chavez, & Castro, 1999) approached 17 °C during November and
December 1997 when mean temperatures are normally 13 °C. Similar to sea level, SST higher than one
standard deviation from the mean was observed at Granite Canyon from June 1997 to February 1998,
except in July 1997, when temperatures were close to normal. During this period of warming at Granite
Canyon, sea surface salinity was normal, 33.5. During the 1982–83 El Nin˜o, maximum deviations of SST
at Granite Canyon occurred in October–November 1982, when SST was about 16.8 °C (Asanuma et al.,
Fig. 4. Potential temperature, °C (left), and salinity (right) variability on isobaric surfaces along CalCOFI Line 67. (Upper) 2 dbar,
contour interval for (a) is 1 °C and for (b) is S  0.2, (Middle) 80 dbar, contour interval for (c) is 1 °C and for (d) is S  0.2,
(Lower) 450 dbar, contour interval for (e) is 0.2°C and for (f) is S  0.05.
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1999). For 1957–58, Reid (1960) reported maximum temperatures at Pacific Grove for the period October–
mid-November 1957, also approaching 17 °C.
Time series of thermohaline properties on isobaric surfaces (2, 80, and 450 dbar) for CalCOFI line 67
in 1997 and 1998 are shown in Fig. 4. The deeper levels correspond to levels of maximum variability as
determined by the results of the PC analysis, which are described below. The temporal variation of density
anomaly was similar to potential temperature and is not shown.
At the surface, waters near the entrance to Monterey Bay were almost always coolest so that seasonal
warming in spring 1997 appeared to propagate onshore while cooling in fall 1998 propagated offshore
(Fig. 4a). Surface waters were warmest in the fall and, compared to 1998, 1997 was warm for an extended
period of time. Within a season, the largest differences at the coast occurred between February 1997 or
January 1999 and January 1998, when the temperature was 2–3 °C warmer, corroborating results obtained
at Granite Point. At the coast, surface salinities (Fig. 4b) were generally higher than those observed offshore
with a minimum occurring in winter which moved offshore as coastal upwelling progressed. A strong
freshening of the surface waters occurred in spring 1998 and was marked by S  32 at a distance of about
100 km from shore (Fig. 4b). Since these surface salinities were well below those for oceanic waters, they
were most likely to have resulted from flow from the Sacramento River, although closer to shore runoff
from the Salinas and Pajaro Rivers also contributed to these fresh surface waters. Offshore, the fresh
Subarctic core of the California Current, S  33, did not have a clear signature except during June–July
1997 and January–April 1998.
At 80 dbar, the variability of the uplift of the thermocline and halocline (Fig. 4c, d) controls the pattern
of the temperature and salinity variability. The temperature variability (Fig. 4c) resembled the steric thick-
ness of the upper layer (Fig. 3a) and not the seasonal pattern of the upper layer (Fig. 4a). When the
thermocline (halocline) shoaled toward the coast, waters were cooler (more saline) inshore. Coldest tem-
peratures (10 °C) and highest salinities (33.8) occurred during periods associated with strong coastal
upwelling in the spring. During October 1997 to March 1998, the thermocline tilted downward toward the
coast, reversing the usual onshore gradients, and water temperatures exceeded 14 °C in January 1998.
Waters with S  33.6 were observed at the coast from October 1997 to May 1998, and for waters at a
distance of about 100 km from the coast salinities were less than 33.2 in March and April 1998 at the
same time as the freshening in this area in near surface waters (Fig. 4b).
At 450 dbar, patterns of temperature variability (Fig. 4e) resembled the steric thickness for the 500–
1000 dbar layer (Fig. 3c). At this level, the mean flow at the coast is poleward year round (Collins et al.,
1996) so that isopycnals and isotherms slope downward toward the coast, where warmest waters are typi-
cally found on isobars deeper than about 200 dbar (Collins et al., 2000). Maximum temperatures (7 °C)
were observed at the coast during summer 1997 and, although some cooling occurred during fall 1997,
temperatures greater than 6.6 °C persisted through January 1998. Marking the end of El Nin˜o conditions
in spring 1998, minimum temperatures (6.0 °C) occurred at the coast at 450 dbar, similar to patterns in
steric height (Fig. 3c) and temperature at 80 dbar (Fig. 4c). Salinity variations at 450 dbar (Fig. 4f) indicated
that warmer waters were more saline than cooler water.
Fig. 5 shows the pressure and salinity changes on two isopycnal surfaces, 26.0 and 26.7 kg/m3, the latter
corresponding to the level where the contrast between equatorial and subarctic intermediate waters is great-
est (Reid, 1965). The pressure varied by 140 dbars on the upper surface (Fig. 5a) and 120 dbars on the
lower surface (Fig. 5c) and patterns of pressure changes resembled those for the corresponding levels of
steric height and temperature described above. The October 1997–March 1998 El Nin˜o was characterized
by a deepening of the pycnocline at the coast with maximum pressures during the November 1997 and
January 1998 surveys. At this time, these isopycnals appeared to be shallowest at a distance of about 250
km from shore. Beginning in March 1998, the pycnocline shoaled rapidly at the coast, so that by April
1998 the pressure was reduced by more than 100 dbar, reversing the onshore pressure gradients. Along
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Fig. 5. Pressure, dbars (left), and salinity (right) on the gq = 26.0 kg/m3 (upper) and 26.7 kg/m3 (lower) surfaces along CalCOFI
Line 67. Contour interval is 20 dbars for pressure and 0.05 for salinity.
the offshore edge of the section, pressures greater than 160 dbars were observed during February–March
1997, March–April 1998 and January 1999.
Salinity on these isopycnal surfaces showed more saline waters in the nearshore region, especially prior
to and during the El Nin˜o. At the coast, maximum salinities of 33.88 (34.24) were observed on the 26.0
kg/m3 (26.7 kg/m3) isopycnal surfaces (Fig. 5b, d) during the summer of 1997. These freshened slightly
during the fall, but were near maximum values during January 1998. As on isobaric surfaces, within about
150 km of the coast the salinity freshened in March 1998 and minimum salinities were observed during
May 1998. The salinity contrast between these fresher (subarctic) waters and the more saline (equatorial)
waters was about 0.1 (Fig. 5d).
Upper ocean currents were measured during all but the March 1997 cruise by means of a vessel-mounted
acoustic Doppler current profiler (ADCP). For the region between 50 and 100 km from the coast, strong
poleward flow was observed during June 2–7, July 20–29 (Lynn et al., 1998: Fig. 17) and November 11–
14, 1997 (Asanuma et al., 1999). During September 12–14, 1997, January 21–24 and April 1–17, 1998,
flow was equatorward in this region, and during March 21–23, 1998, currents were onshore. In June and
July 1997, strong poleward flow (about 0.5 m/s) was also centered in the region between 170 and 230 km
from shore, and farther from shore equatorward flow was equally well developed.
Time series of currents were observed at 300 m at mooring M2 from May 8, 1997 to February 11, 1998
and from March 25, 1998 to January 27, 1999. M2 is located at a distance of 55 km from shore along
line 67. This location is on the inshore side of the California undercurrent, but the Monterey eddy also
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occurs here (Rosenfeld, Schwing, Garfield, & Tracy, 1994) and complicates the interpretation of the
measurements. The time series of subtidal flow is shown in Fig. 6. The temporal variability of the flow is
similar to that observed during shipboard ADCP surveys, but the strength and duration of equatorward
flow in September 1997 was notable. The mooring was not in place during the freshening in March 1998.
To view the vertical patterns of variability along CalCOFI line 67, PC analysis was used. A complete
set of PCs for these data was included in Asanuma et al. (1999). Here only the results for temperature
and salinity are presented.
The first three PCs for temperature are shown in Fig. 7. The first PC for temperature (Fig. 7a) accounted
for 39.6% of the temporal variability. The variability of the amplitude of the first mode (Fig. 7d) showed
surface cooling and warming in each year during spring and fall, respectively. Note that the amplitude of
the annual variability for temperature in 1998 was only about half (0.24) that observed in 1997 (0.41).
The pattern of Z-scores shows cool (warm) waters above 60 m in spring (fall) with maximum amplitude
corresponding to a decrease (increase) in temperature at the sea surface of 2.4 °C (3.0 °C) in 1997. The
zero Z-score occurred at a pressure of about 50 dbar at the offshore edge of the section, it gradually
increased in depth toward the coast, reaching a pressure of 70 dbar at about 70 km, where it deepened,
moved offshore, and returned to the coast at a pressure of 600 dbar (not shown). This deep area near the
coast encompassed the region of the poleward flowing inshore currents (Collins et al., 2000). This indicated
that winter cooling occurred at depth at the coast and was likely associated with an upward displacement
of isotherms caused by a slowing of the poleward geostrophic flow. Offshore, centered at 100 dbar, a
region of subsurface spring (fall) warming (cooling) occurred with amplitude of about 1.5 °C. Lynn and
Simpson (1987) also observed this. This feature was associated with the springtime offshore deepening of
the thermocline caused by an acceleration of equatorward flow in California current waters.
The second PC of temperature (Fig. 7b) showed the temperature change associated with El Nin˜o. This
second component accounted for 25.4% of the variance. The pattern of positive Z-scores appeared as a
triangular wedge, which extended from the coast at a pressure of 80 dbar to a distance of 280 km, inter-
secting the surface at a distance of 80 km, and with its lower boundary intersecting the coast at 200 dbar.
Note the similarity of this pattern to temperature anomalies computed for January 1958 (Reid, 1960: Fig.
79) and January 1983 El Nin˜o conditions off Southern California (Fig. 4, Lynn, 1983). The amplitude of
this component remained negative for the first half of 1997 (Fig. 7d), 0.3, became positive in October,
and peaked in January 1998, after which the amplitude rapidly decreased through the first half of 1998.
The amplitude of the 80-dbar coastal warming (surface offshore cooling) in January 1998 was 2.5 °C (2
°C). This compares to temperature anomalies of 3 °C (4 °C) at 50 m (75 m) at CalCOFI station 100–50
(90–50) for January 1959 (January 1983) (Lynn, 1983; Reid, 1960). This pattern of Z-scores could be
explained by a downward tilt of the thermocline toward the coast, associated with an acceleration of
geostrophic poleward flow or onshore transport of upper layer waters.
The PC for the second mode (Fig. 7b) also had a triangular wedge of negative Z-scores which was
Fig. 6. Currents at 300 m depth at M2 (location is shown in Fig. 1). Data have been filtered to remove tides and one current vector
is drawn for each day. There were no observations between February 13 and March 26, 1998.
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Fig. 7. Principal components for potential temperature along CalCOFI line 67. Contour interval is 1 °C for Z-scores. (a) First mode.
(b) Second mode. (c) Third mode. (d) Time variability of amplitudes. CalCOFI station numbers are along the upper boundary of
(a)–(c).
centered on the offshore edge of the section in the upper 80 m. The minimum Z-score was less than 3,
corresponding to a cooling of2 °C in January 1998. Reid (1960) noted that the California current appeared
slightly inshore during the warming associated with the 1957–58 El Nin˜o.
The third PC of potential temperature (Fig. 7c) accounted for only 12.5% of the variance. The temporal
pattern of amplitude variation showed some of the character of the sea level changes in the Tropical Pacific
(Baltra sea level, Fig. 2b) with peaks which exceeded 0.5 in July 1997 and January 1998. The pattern of
Z-scores reflected warming of deep nearshore waters between 200 and 500 dbars and cooling of surface
and offshore waters during these events. The greatest warming (cooling) was 0.7 °C (1.3 °C). This pattern
appeared to be associated with increased upwelling and surface cooling and a tilting of the thermocline
141C.A. Collins et al. / Progress in Oceanography 54 (2002) 129–147
about a pivot point at about 200 km, resulting in warmer (cooler) waters inshore (offshore) of the pivot
point.
The first PC of salinity (Fig. 8a) accounted for 53.8% of the observed variance. The Z-scores greater
than 0.2 were confined to a region extending from the coast to 250 km and from the surface to a depth
of about 150 m. The amplitudes for this pattern were usually slightly positive except for the spring of
1998 when a minimum amplitude of 0.7 occurred, corresponding to a freshening of S  1 at the surface.
The negative amplitude also means that at 125 dbar and 300 km from the coast, salinity increased during
the spring 1998, as shown in Fig. 5b. Note that in January 1998 when nearshore warming was observed,
the amplitude of the first PC of salinity is 0. Principal components of salinity do not show a pattern of
annual variability (Asanuma et al., 1999).
4. Discussion
4.1. Chronology for the 1997–98 El Nin˜o
The chronological sequence of changes in hydrographic structure was as follows.
June–July 1997: This period marked the first clear evidence of El Nin˜o conditions along the coast of
California. The initial pulse of positive anomalies of coastal sea level and sea surface temperature arrived
along the West Coast of North America (Kosro, 2002, this issue) and was observed at Point Conception
to the south (Dever and Winant, 2002, this issue) and San Francisco to the north (Ryan and Noble, 2002,
this issue) of line 67. Along line 67, strong poleward flow was observed within 100 km of the coast and
170–230 km from the coast and was associated with subsurface (200–1000 dbar) warming of 0.5 °C
and increased salinity on isopycnal surfaces (0.07). This coincided with 50-year extremes in water mass
characteristics 600 km to the south between 150 and 500 m depth (Lynn and Bograd, 2002, this issue).
Off Oregon, near surface waters were warmer and fresher than normal (Huyer, Smith, & Fleischbein, 2002,
this issue). Offshore along line 67, waters appeared cooler and fresher with stronger equatorward flow.
Fig. 8. First principal components along CalCOFI line 67 for: (a) salinity on isobaric surfaces (contour interval is 0.2); (b) time
variability of amplitudes. CalCOFI station numbers are along the upper boundary of (a).
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September 1997: In August and September, El Nin˜o conditions appeared to relax along the coast of
California. Positive sea level and sea surface temperature anomalies decayed at Point Conception until
August (Dever and Winant, 2002, this issue) and sea level anomalies at San Francisco returned to normal
while sea surface temperature remained high (Ryan and Noble, 2002, this issue). Along line 67, a relaxation
of El Nin˜o conditions occurred, with coastal, subsurface waters cooling by 0.3 °C, and with a narrow band
of equatorward flow at the coast. Off Oregon, Columbia River water flooded the continental shelf and
contributed to enhanced warming of shelf waters, while between 100 and 400 m, warm saltier waters
provided clear evidence of El Nin˜o conditions (Huyer et al., 2002, this issue).
January 1998: In fall 1997 and early winter 1998, coastal sea surface elevations and temperature anomal-
ies were maximum (Kosro, 2002, this issue). A strong pulse of warm salty water was observed off Baja
California (Durazo and Baumgartner, 2002, this issue), and warming was observed in the Southern Califor-
nia bight (Lynn and Bograd, 2002, this issue), Santa Barbara Channel (Dever and Winant, 2002, this issue),
San Francisco (Ryan and Noble, 2002, this issue), and over the slope off Northern California and Oregon
(Huyer et al., 2002, this issue; Kosro, 2002, this issue). Along line 67, maximum interannual temperature
and sea level anomalies were observed with near surface (80 dbar), nearshore (within 100 km) warming
of 2.5 °C and subsurface warming comparable to that observed in June–July 1997. Despite the large
downward tilt of isopycnals toward the coast, currents at the coast were variable, with poleward flow
occurring toward the center of the section.
To compare the change in heat associated with the El Nin˜o conditions and the annual cycle along line
67, the heat content of each section was computed as the product of the specific heat of seawater, potential
temperature, and density anomaly (Bacon and Fofonoff, 1996). Principal components for heat content were
then computed; the Z-scores were similar to those shown for temperature. The change in heat content was
estimated by subtracting the coldest from the warmest amplitude, e.g. February 1997 to September 1997
for the annual cycle (first mode) and June 1997 to January 1998 for El Nin˜o (second mode). The change





change in heat content associated with the annual cycle (first mode), 260 × 1012J was about the same as
that associated with El Nin˜o, 250 × 1012J. The corresponding rates of heating were 53 and 50 W/m2, respect-
ively.
March–April 1998: In February and April, sea level and sea surface temperatures returned to normal,
respectively (Kosro, 2002, this issue; Ryan and Noble, 2002, this issue). Along line 67, the most remarkable
features were a rapid decrease in sea level and freshening of coastal waters, which was accompanied by
onshore, and equatorward flow. The freshening was greatest at the surface, with observed salinities less
than 32, but the freshening extended to isopycnals as dense as 27 kg/m3. Waters were warmer than in the
spring of 1997.
Because nearshore surface waters were much fresher (S  32) than offshore Subarctic waters (S 
32.8) between Pt. Reyes (Wilkerson, Dugdale, Marchi, & Collins, 2002, this issue) and Monterey, the
observed freshening of surface waters was the result of river runoff. An estimate of the mass of freshwater,




where, S1 is the mean salinity for depths less than z in January 1998, S2 the corresponding mean salinity
in March 1998, and M1 the mass in January. M2 was calculated for a section 1 m thick, which extended
to a distance of 200 km from the coast. 3.5 × 105tonnes of freshwater were needed to account for the
observed freshening for each meter of distance along the coastline in the upper 200 m, and an additional
105 tonnes of freshwater was needed between 200 and 350 m (Asanuma et al., 1999). The freshwater
inflow to San Francisco Bay averaged about 5000 m3/s during this period. If this freshwater were retained
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within the 200 km coastal region and advected southward at 0.1 m/s, then an average of 5 × 104 tonnes
would accumulate for each meter of coastline, accounting for 14% of the observed freshening in the upper
200 m or of the observed freshening in the upper 40 m. Hence, these river freshened upper waters were
embedded within a deeper volume of fresh water (S  33). Since these waters were nutrient depleted
(Castro et al., 2002, this issue), this suggests the presence of Subarctic water (normally found offshore)
next to the coast. Strong equatorward geostrophic velocities next to the coast along line 67 as well as
immediately to the west of CalCOFI station 90.45 (Lynn and Bograd, 2002, this issue) give this flow the
character of the California current.
Freshening was also observed after the winter warm phase of previous El Nin˜os. Reid (1960: Fig. 78)
observed 10 m salinity anomalies less than 0.4 (minimum anomalies of 0.8 occurred in Monterey Bay)
off Central California. Lynn (1983) noted that in February and March 1983 the flow reversed (became
equatorward) along the coast and coastal temperatures decreased 1 °C. Simpson (1984) documented exten-
sive Subarctic waters nearshore from April 1983 to the end of the El Nin˜o event, which resulted from
onshore transport caused by anomalous weather conditions. Note that monthly sea levels at Monterey (Fig.
2a) indicated that the 1982–83 El Nin˜o persisted through September 1983, longer than the 1997–98 El Nin˜o.
4.2. What causes the anomalous conditions that were observed off Central California in 1997–98?
The warming that occurred off Central California through the early winter of 1998 was also observed
in the Southern California bight (Lynn and Bograd, 2002, this issue), near Point Conception, California
(Dever and Winant, 2002, this issue), in Monterey Bay and the Gulf of the Farallones (Ryan and Noble,
2002, this issue), and off Northern California and Oregon (Huyer et al., 2002, this issue). The data in Figs.
3–5 indicate that warm anomalies were coastally trapped as they were off Southern California, Northern
California and Oregon.
Fig. 9 shows geostrophically derived Ekman transports for an inshore position close to our hydrographic
surveys (the relative positions are shown in Fig. 1). Offshore transports were near normal except for a
Fig. 9. Ekman transport at 36°N, 122°W. The mean (1967–99) is indicated by a solid line, which is centered within a gray envelope,
which indicates one standard deviation from the mean. The solid blue line indicates 1997–98 and the dashed line is 1982–83. (upper)
Onshore transport. (lower) Alongshore transport.
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series of winter storms that began in December 1997, well after El Nin˜o conditions had arrived along the
Central California coast. This means that reduced ‘upwelling’ cannot be responsible for the anomalous
warming conditions observed in late 1997.
Fig. 2b shows adjusted sea level at Monterey Harbor for 1997–98. Beginning in May 1997, a series of
0.1 m pulses occurred about every 2 months, resembling the poleward propagation of Kelvin waves. Ryan
and Noble (2002, this issue), Strub and James (2002) and Kosro (2002, this issue) document the poleward
propagation of these features at speeds ranging from 1.2 to 2.8 m/s. Kosro (2002, this issue) notes that
these values are similar to the speeds of first mode Kelvin waves or to equivalent coastal-trapped waves.
Ryan and Noble (2002, this issue) also show that wind stress cannot account entirely for these sea level
features. Clearly, the coastal warming and elevated sea levels observed off Central California were remotely
forced from the equator. Accordingly, there was marked similarity between the variability of sea level at
Baltra and Monterey (Fig. 2b).
McCreary (1980) pointed out that Kelvin waves propagating along an eastern boundary would radiate
westward-propagating Rossby waves until they reach a critical latitude. Offshore propagation of mesoscale
features has been observed in the California current region using both shipboard hydrographic data as well
as satellite observations of sea surface temperature and height. For example, analysis of sea level anomalies
at 35°N from the Geosat exact repeat mission showed Rossby waves with a wavelength of 263 km propagat-
ing toward 247° (Jacobs, Emery, & Born, 1993). Peaks and troughs in hydrographic data fields shown in
Figs. 3–5 also appear to propagate offshore with time. A quantitative estimate for the phase speed and
wavelength of these features along CalCOFI line 67 was calculated by estimating the maximum value of
the cross covariance function, C, of steric height, d, C(y,t) δ(y  0,t)δ(y,t  t), as a function of
distance from shore, y, and time lag, t. This yielded a phase speed of 2.4 cm/s and a wavelength of 210
km. These offshore propagating features were generated twice per year. Theoretical estimates of phase
speed for this region range from 1.9–2.4 cm/s (Chelton, deSzoeke, Schlax, El Nagger, & Siwertz, 1998),
but recent Topex/Poseidon satellite observations at 35°N (but west of the California current region) yielded
phase speeds which were 1.5–2 times as large (Chelton & Schlax, 1996).
The westward propagation of the warm anomaly associated with the El Nin˜o would result in equatorward
flow along the coast, as was observed in March and April 1998. If this were the case, then the features
associated with the 1997–98 El Nin˜o could be attributed to either remote forcing from the Equatorial Pacific
or the internal dynamics of the ocean, but not to local forcing by winds. Final resolution of these dynamical
issues is beyond the scope of this paper.
4.3. Comparison with other El Nin˜o events off Central California
Above, similarities with the 1957–58 and 1982–83 El Nin˜os have been discussed. All feature comparable
warming in the late fall and early winter in the upper ocean as evidenced by temperature and coastal sea
level anomalies. Quantitative comparison of warming in 1957–58 and 1997–98 is possible for CalCOFI
line 80, which originates at Point Arguello (37° 27N). Line 80 includes 165 sections from the coast to
station 120 (514 km from shore), and this provides better resolution of the California current than the
CalCOFI line 67 reported before, which extended offshore only as far as station 90 (316 km from shore).
Fig. 10 shows the Z-scores and time variability of the amplitude for the third PC of temperature for
CalCOFI line 80. This PC resembled Fig. 7b, illustrating the El Nin˜o perturbation, and accounted for 9%
of the variance. The pattern of Z-scores (Fig. 10a) shows that the region of the California current (centered
at station 100 in the upper 50 m) was colder when the nearshore region was warm. This offshore colder
Subarctic water was noted in the California current during the 1982–83 El Nin˜o (Lynn, 1983). The
maximum positive amplitude, 0.28, occurred on February 7, 1998. Other amplitudes greater than 0.2
occurred in March 1951 (0.23) and February 27, 1958 (0.21). The temporal variability of the amplitudes
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Fig. 10. Third principal component for potential temperature, °C, for CalCOFI line 80. (a) Z- scores, contour interval is 1 °C. (b)
Amplitude as a function of year day. The solid line is a least-squares fit for a biharmonic function, which includes annual and
semiannual frequencies. CalCOFI station numbers are along the upper boundary of (a).
indicated positive values usually occurred in fall and winter and negative values in spring and summer.
But the data were too noisy to conclude that Californian El Nin˜os are an amplification of the seasonal
cycle, perhaps the result of the coincidence of the seasonal cycle with the arrival of equatorial Kelvin waves.
5. Additional note
In December 1997, Prof Joseph L. Reid, Jr, suggested that we launch drift bottles to document the extent
of poleward flow associated with El Nin˜o conditions. Given the short time to our cruise, it was not possible
to duplicate the drift bottles used by the CalCOFI program, but three dozen 750-ml wine bottles were
procured. These bottles were ballasted as described by Crowe and Schwartzlose (1972). At each of three
stations (67–55, 67–65 and 67–75) 12 bottles were launched on January 22, 1998. One of the bottles
launched at 67–55 was found on March 5, 1998, at North Spit (Charleston), OR, at 43° 24N for a net
drift of 760 km in 42 days at a rate of 0.23 m/s. A similar poleward drift rate for the coastal waters of
Northern California and Oregon during this period was observed by Kosro (2002, this issue).
Results were also comparable to those obtained for the 1957–58 El Nin˜o. In January 1958, 12 bottles
were launched at stations 67–55 and 67–50, and one of the bottles released at 67–55 was returned 91 days
after release from 45° 10N, a poleward drift of 950 km at a rate of 0.13 m/s.
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